This paper describes detailed comparative electrochemical and electrocatalytic behaviours of basal plane pyrolytic graphite electrodes (BPPGEs) modified with singlewall carbon nanotube (BPPGE-SWCNT) and SWCNTs functionalised with cobalt(II) tetra-aminophthalocyanine by physical (BPPGE-SWCNT-CoTAPc (mix) ), chemical (BPPGE-SWCNT-CoTAPc (cov) ) and electrochemical adsorption (BPPGE-SWCNTCoTAPc (ads) ) processes. SWCNT improves both solution and surface electrochemistry of BPPGE- SWCNT-CoTAPc (mix) , the estimated catalytic rate constants and diffusion coefficients were higher for DEAET than for the DMAET. Also, the detection limits of approximately 8.0 and 3.0 μM for DMAET and DEAET were obtained with sensitivities of 5.0 and 6.0 × 10 −2 A M −1 for DMAET and DEAET, respectively. BPPGE-SWCNTCoTAPc showed better potential discrimination for detection of these sulfhydryl analytes than the BPPGE-SWCNT, the latter exhibited enhanced catalytic response for the sulfhydryls than the former.
Introduction
Carbon nanotubes (CNTs), single-walled (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), have continued to attract intense research interests as ideal nanomaterials for the development of nanoelectronic devices [1] , [2] and [3] , drug delivery [4] , [5] and openUP (July 2007) [6] , and high-performance electrochemical sensors [7] , [8] , [9] , [10] and [11] . These interests are based on the unique properties of CNTs such as high electrical conductivity, high surface area, significant mechanical strength and good chemical stability. SWCNTs have continued to be investigated as viable electrochemical materials because of their unique properties over the less expensive MWCNTs. SWCNTs possess certain special features over the MWCNTs which include smaller size, larger specific area (more than a magnitude [12] ), stronger inter-tube attraction and adsorptive properties, and characteristic curve-shaped surface that enables bonding of supramolecular complexes via non-covalent or hydrophobic interactions [13] . Generally, the highly π-conjunctive and hydrophobic sidewalls consisting of sp 2 carbons and open ends bearing oxygencontaining moieties allow them to work as support for organic and inorganic
electrocatalysts. This has resulted in the use of CNTs to improve chemical properties of compounds such as porphyrins [14] and amino-containing phthalocyanines [15] and [16] by chemically functionalizing them with CNTs. The π-π interactions of CNT with phthalocyanines in particular stems from the fact that a phthalocyanine molecule is an organic macrocycle with 18 π-electrons.
Cobalt phthalocyanine (CoPc) complexes are well documented as versatile electrocatalysts for a plethora of molecules of industrial, environmental and biomedical relevance [17] . Amino-substituted metallophthalocyanine (MPc) complexes can be covalently linked to CNTs (via amide bond formation [15] and [16] ) while unsubstituted MPc complexes are non-covalently adsorbed onto CNTs (via π-π interactions [18] ). It is possible that facile co-ordination of these two remarkable π-electron species may well revolutionize their applications as electrocatalysts and in the fabrication of highperformance electrochemical sensors.
Adhesion of CNT onto GCE is difficult and fraught with problems such as irreproducibility [19] , therefore the use of basal plane pyrolytic graphite (BPPGE) or edge plane pyrolytic graphite (EPPG) are preferred because of the inherent ability of these electrodes to interact with CNTs via π-π interactions [20] , [21] and [22] . As part of our on-going investigations geared towards harnessing the twin properties of electroactive amino-substituted transition MPc (notably, the CoTAPc) complexes and
CNTs [23] and [24] , this work is aimed at investigating the electrochemical and [25] and [26] . These sulfhydryl degradation products are far more stable in the environment than their parent V-type nerve agents, meaning that they can be easily utilised to provide a reliable indication of the parent nerve agents. To our knowledge, this study provides the first detailed attempt undertaken to prove the redox-activity of SWCNT co-ordinated with any
MPc complex. It also represents the first electrocatalytic studies of thiol hydrolysis products of nerve agents.
Experimental

Materials and reagents
Single-walled carbon nanotube was purchased from Aldrich. Cobalt tetraaminophthalocyanine (CoTAPc) complex was synthesized and characterized according to established procedures [27] , [28] and [29] . Basal plane pyrolytic graphite (BPPGE) plate from which the BPPGE was fabricated was obtained from Le Carbone (Sussex, UK). The
Norton carborundum paper (p1200C) used to clean the electrode was purchased from Saint-Gobain Abrasives (Saint-Gobain Abrasives (pty) Ltd., Isando, South Africa). 
Apparatus and procedure
All electrochemical experiments were carried out using an Autolab Potentiostat PGSTAT SWCNTs (BPPGE-SWCNT) or BPPGE modified with SWCNTs and cobalt tetraaminophthalocyanine by electrodeposition (designated as BPPGE-SWCNT-CoTAPc (ads) ).
In some cases, the BPPGE electrode modified directly with CoTAPc by electropolymerization, was employed as a working electrode. A Ag|AgCl wire and platinum wire were used as pseudo-reference and counter electrodes, respectively. A Wissenschaftlick-Technische Werkstätten (WTW) pH 330/set-1 (Germany) pH meter was used for pH measurements. All solutions were de-aerated by bubbling nitrogen prior to each electrochemical experiment. All experiments were performed at 25 ± 1 °C.
Electrode modification and pretreatments
The in-house fabricated BPPGE surface was first cleaned as reported before [23] and [24] by gentle polishing on a carborundum paper, followed by cleaning with cellotape-process of removing graphite layers and finally rinsing in acetone to remove any adhesive. The 
Results and discussion
Characterization of SWCNT-CoTAPc
Unlike the pristine SWCNT, the SWCNT-COOH exhibited good solubility in DMF with no detectable precipitate even after 6 months. Also, while CoTAPc easily forms precipitate in DMF, the SWCNT-CoTAPc systems, especially the SWCNT-CoTAPc (cov) ,
did not form any detectable precipitate even after 6 months, thus suggesting an enhanced solubility of CoTAPc in organic solvents due to the coordination with SWCNT-COOH.
Similar results have been reported for MWCNT-MnTAPc [18] . The IR spectral data of both the SWCNT-CoTAPc (cov) and SWCNT-CoTAPc (mix) showed the C O stretching from the -CONH-group in the 1562 and 1576 region, indicative of covalent interaction between the -COOH of the acid-treated SWCNT and the -NH 2 of the CoTAPc complex.
As expected, the TEM images (not shown) confirmed the conversion of the pristine SWCNT to short nanotubes. The acid-treated SWCNT was seen entangled with the CoTAPc, indicative of the strong interactions between these two π-electron species.
SWCNT-CoTAPc (mix) and SWCNT-CoTAPc (cov) were found to be more soluble than
CoTAPc in organic solvents, consistent with the previous observation for MnTAPc-MWCNT [18] . As stated in a previous report [24] , this behaviour is indicative of electrosorption process [34] , [35] and [36] , which suggests π-π interaction between the benzene rings of the phthalocyanine and the sidewalls of the immobilised SWCNT at the BPPGE. We also observed electropolymerization process (i.e., growth in anodic and cathodic peaks during weak electron transfer process in pH 7.4. It should be mentioned that SWCNT sometimes shows intrinsic redox processes in aqueous solution as a result of the oxygen-containing moieties (e.g., carboxyl, hydroxyl, and quinone-like groups) on the defects and opened caps of the SWCNT [36] and [37] . These intrinsic redox processes may well explain the broad voltammograms observed for the BPPGE-SWCNT, for example the weak anodic peak in the 0.1 V region in pH 4.4 ( Fig. 2B(ii) ). Similar CV evolution for the BPPGE-SWCNT-CoTAPc (ads) in the buffered aqueous solutions were also obtained for the BPPGE-SWCNT-CoTAPc (mix) and BPPGE-SWCNT-CoTAPc 
where n represents number of electrons transferred (assume ≈1), F the Faraday constant (96,485 C mol −1 ), and A is the geometric surface area of the electrode ( 0.192 cm 2 ). The surface coverage was found to be ca. 1.0 × 10 −9 mol cm −2 .
As expected for surface-confined redox species, the response of the single redox couple of the BPPGE-SWCNT-CoTAPc (mix) , BPPGE-SWCNT-CoTAPc (cov) and BPPGE-SWCNT-CoTAPc (ads) (at E 1/2 ≈ 0.0 V and ΔE ≈ 0.2 V versus Ag|AgCl) with changing scan rates (25-1500 mV s −1 ) resulted in a linear increase of the redox currents with scan rates at low scan rates. At scan rates >100 mV s −1 , however, the cathodic waves became severely distorted. This type of distortion is an indication that the electrode reaction becomes electrochemically irreversible at higher scan rates. Such irreversible electrode reaction follows the Laviron's theory [39] and [40] :
where E o′ (or E 1/2 ) is the formal potential, the electron transfer coefficient, k s the standard rate constant of the surface reaction, and v is the scan rate. As identified in Fig.   2 , electrochemical reversibility was better at pH 4.4 solution than at ≥pH 7.4, thus this electrochemical kinetic study was carried out in the pH 4.4 solutions for the BPPGE-SWCNT-CoTAPc (mix) and BPPGE-SWCNT-CoTAPc (cov) obtained by drop-dry method.
At high scan rates, the plots of E p versus ln ν (and E 0 ≈ 0 V versus Ag|AgCl) were linear.
The equation of the straight lines were:
• For the BPPGE-SWCNT-CoTAPc (mix) : 
For the BPPGE-SWCNT-CoTAPc (mix) , the cathodic parameters n and k s , were estimated as 0.13 and 0.13 s −1 , respectively, while those of the anodic process (1 − )n and k s were approximately 0.20 and 129 s −1 , respectively. Also for the BPPGE-SWCNTCoTAPc (cov) , the n and k s , were estimated as 0.14 and 0.13 s −1 , respectively, while
(1 − )n and k s were approximately 0.26 and 350 s −1 , respectively. These values are in the similar range as previously reported for the BPPGE-SWCNT-CoTAPc (ads) [24] . These data clearly suggest that the rate-determining steps of the cathodic and anodic reactions are different. We attribute the smaller k s values for the cathodic reactions as the result of weak electron transfer process arising from the complications of the overlapped reactions openUP (July 2007) as already described above. As seen in our previous works [41] , this behaviour of one redox wave exhibiting higher peak current than its reverse wave is typical of CoPc and its complexes.
Electrochemical impedance spectroscopic investigations
Electrochemical impedance spectroscopy (EIS) measurements were used to investigate the complex electrochemical behaviour of the modified BPPGEs. EIS serves an effective technique for interrogating the kinetics at interfaces and to distinguish between the various mechanisms that govern charge transfer [42] and [43] . Given the inherent roughness of the BPPGE, the constant phase angle element (CPE), in which the double layer capacitance is replaced by CPE in the Randles' model [43] was used to explain the EIS data obtained in this work. The impedance data were fitted to an equivalent circuit using the FRA software package for complex non-linear least squares (NNLS) calculations based on the EQUIVCRT programme. As shown in the Nyquist plots, the simple equivalent circuit model showed good agreement with the experimental results. Table 2 summarises the obtained parameters for the equivalent circuit model. 
where R is the gas constant (8.314 J mol From Table 1 , we observed a significant decrease in the R et values for the modified electrodes compared to that of the bare BPPGE which confirm that the charge transfer processes on the modified electrodes for [Fe(CN) 6 ] 3−/4− are easier than in the bare BPPGE. From the Bode plots of phase angle versus log f (Fig. 5a) , it is seen that the bare BPPGE showed well-defined symmetrical peak with a maximum value of 54° at 158 Hz corresponding to the relaxation process of the BPPGE|solution interface. On modification of the BPPGE, this relaxation process shifts to different phase angles (ca.
34-42° range) and at lower frequencies (1.4-6.4 Hz range). These shifts indicate that the reactions now occur at the surface of the modifying films rather than the bare BPPGE. Maximum catalytic currents were observed at equal or greater than pH 9.0 for both analytes. This behaviour is consistent with the pK a of DEAET reported as 8.3 at 25 °C [47] . Thus, all subsequent studies here for DMAET, DEAET were performed at pH 9.3 PBS with some works at physiological pH 7.4 conditions. Remarkable results observed herein are worthy of note. First, the double oxidation peaks seen at the electrodes (most pronounced at the BPPGE-SWCNT than other electrodes, Fig. 7 and Fig. 8 ) are typical of CNT-based electrodes for thiols and related analytes [23] and [35] . Based on such reports, we ascribe the first oxidation peak (example in Fig. 8a recently by Compton and co-workers for MWCNTs [48] , however, this will be the focus of future investigations for our SWCNT-modified electrodes. Third, it is interesting to note that the three SWCNT-CoTAPc based electrodes gave similar current responses openUP towards the catalytic detection of these V-type nerve agents, suggesting that the long synthetic processes for the SWCNT-CoTAPc (cov) can be avoided for this type of work.
Comparative catalytic responses of different electrodes
Thus, all subsequent electrocatalysis experiments for these thiols were performed with the BPPGE-SWCNT-CoTAPc (mix) .
A plot of peak current (I p ) against the square root of scan rate (ν Repetitive scanning experiments with these sulfhydryls at constant concentration showed electrode poisoning. However, on rinsing the fouled electrode by 5 repetitive-scanning in buffer solution alone, 90% recovery was observed. This electrode fouling also agrees with binding of the analytes with the SWCNT-CoTAPc.
Mechanisms for the electrocatalytic oxidation of sulfhydryls using MPc-based electrodes are widely reported [23] , [56] , [57] and [58] . We believe that similar mechanism could well apply to these two related sulfhydryl species, as shown below:
openUP (July 2007)
RSH denotes the sulfhydryl nerve-agent hydrolysis products (DMAET and DEAET), RS is thiyl radical, while RSSR is the disulphide products. Eq. (9) is known for DEAET in basic solution [47] . Eq. (11) is related to the rate-determining step (rds) as discussed in Tafel slope. In general, the process involves an initial oxidation of the Co(II)TAPc to Co(III)TAPc followed by the generation of the thiyl radical via Co(III)TAPc and subsequent regeneration of the Co(II)TAPc species.
Chronoamperometric analysis
Based on the SWV results described above, chronoamperometric technique was employed for the analysis of these two analytes in pH 9.3 PBS at different potentials (+640 and 730 mV versus Ag|AgCl for DEAET and DMAET, respectively) using BPPGE-SWCNT-CoTAPc (mix) . From the current responses of the BPPGE-SWCNTCoTAPc (mix) to changes in the concentrations of these sulfhydryls, we found that they could be detected down to approximately 8.0 μM for DMAET and 3.0 μM for DEAET with good sensitivities ( 5.0 and 6.0 × 10 −2 A M −1 for DMAET and DEAET, respectively).
Also, using the BPPGE-SWCNT-CoTAPc (mix) , we determined the catalytic rate constants and diffusion coefficients of these analytes at constant concentration (at 10 agents and redox sites of surface-immobilised SWCNT-CoTAPc (mix) were determined using the established equation [59] , [60] and [61] : (14) where I cat and I L are the currents of the BPPGE-SWCNT-CoTAPc (mix) and DMAET, respectively. At this juncture, it is important to note that there are no accessible literature at the moment to compare our electrocatalytic parameters obtained here for these two thiol-degradation products, the few known reports [62] and [63] only dealt with their amperometric detection. Thus, this work is the first to provide detailed electrocatalytic parameters for DEAET and DMAET.
Conclusion
We have shown in this work detailed electrochemical and electrocatalytic behaviour of single-wall carbon nanotube (SWCNT) and SWCNT functionalised with cobalt (II) tetraaminophthalocyanine. It is proved amongst others that SWCNT clearly enhances both the solution and surface electrochemistry of CoTAPc. The study is unique in that it provides for the first time the electrocatalytic parameters for the sulfhydryl hydrolysis products of V-type agents. BPPGE-SWCNT-CoTAPc (mix) and BPPGE-SWCNT showed comparable electrocatalytic responses towards the detection of V-type nerve agent sulfhydryl openUP (July 2007) hydrolysis products, BPPGE-SWCNT-CoTAPc showed better potential discrimination for the detection of these sulfhydryl analytes than the BPPGE-SWCNT. It is possible that this type of electrode modification with SWCNT could provide the means for controlled fabrication of sensitive electrochemical sensors based on many other transition metal phthalocyanine and porphyrin complexes substituted with amino-functionality. This possibility is currently being explored in our laboratory.
